Abstract-Design activities on the helical-type fusion DEMO reactor, FFHR-d1, are progressing at NIFS. A 100 kA currentcapacity is required for the helical coil conductors under the maximum magnetic field of ∼13 T. High-temperature superconducting conductor has been proposed as one of the conductor options for the FFHR-d1 magnet. In this study, a 30 kA class HTS conductor sample has been fabricated and tested. The sample had no current feeders and the current was induced by changing the background magnetic field generated by the 9 T split coils in the cryostat. Rogowski coils and Hall probes were used for the measurement of the transport current of the sample. The critical current of the sample was measured at various temperatures and bias magnetic fields. To verify the self-field effect of the sample, a numerical analysis was performed by considering the current and magnetic field distribution among the tapes self-consistently. The analysis result was compared with the experimental observation.
I. INTRODUCTION
A 100 kA-class conductor is required for the LHD-type helical fusion reactor, FFHR-d1, and the high-temperature superconducting (HTS) conductor is proposed as one of the options [1] . Using HTS, the reactor can be economically operated at an elevated operating temperature, e.g. 20 K. High cryogenic stability of the conductor is also obtained due to the increased heat capacity of the conductor. In addition, it is proposed that the fusion magnet can be constructed by connecting conductor segments [2] (or coil segments [3] ). Feasibility studies of the HTS option started since 2005 [4] , [5] . A HTS conductor with a 100 kA nominal current at 20 K, 13 T was proposed as the FFHR conductor in [2] . The development of such a conductor suitable for the helical fusion reactor is our final goal.
In this study, we fabricated a prototype sample of the 100 kAclass HTS conductor, i.e. a 30 kA-class HTS conductor, and measured the critical current I C . The current was supplied to the conductor sample, which was a short-circuit with no current leads, by way of changing the bias magnetic field [6] , and noncontact measurements of the current were performed using Rogowski coils and Hall probes. Moreover, numerical analysis of I C was carried out to interpret the experimental results.
II. EXPERIMENTAL
A. 30 kA-Class HTS Conductor Sample Fig. 1 shows a cross-sectional image of the 30 kA-class HTS conductor sample that we fabricated and tested. Twenty GdBCO tapes (I C ∼ 600 A at 77 K, self-field) were simply stacked in a stabilizing copper jacket without any impregnation or soldering. The copper jacket was then placed in a rigid stainless-steel jacket, which was assembled by bolts. The conductor formed a one-turn short circuit coil with a racetrack shape which consisted of two straight sections and two arc sections with no current feeders as shown in Fig. 2 . One of the straight sections had no joint ("continuous part"), while the other side had a bridge-type mechanical lap joint ("joint part") developed in Tohoku University [7] , [8] . The detail of the joint part and its experimental results are described in [9] . The sample current was induced by changing the background magnetic field, which was generated by a 9 T split coil. The sample was installed in liquid helium in a cryostat.
As shown in Fig. 2 , voltage taps were installed in both straight sections of the sample and temperature sensors were attached on the stainless-steel jacket (not on the copper jacket). For changing the temperature of the sample, stainless-steel heaters were attached at the center of each straight section. The straight sections were surrounded by a glass-fiber reinforced plastic (GFRP) jacket for thermal insulation.
B. Current Measurements
Rogowski coils and Hall probes were used for measuring the current of the short-circuit sample having no current leads.
The Rogowski coil consists of a Teflon bobbin and a copper wire. The current I S of the sample coil is evaluated by the following equation,
where l, N , and a is the length, the number of turns and the minor radius of the Rogowski coil, respectively, and V is the voltage induced in the coil and μ 0 is the magnetic permeability in vacuum. We fabricated two Rogowski coils having N = 2909 and 2886 turns. The length and diameter are the same for both Rogowski coils, l = 970 mm and a = 13 mm. A calibration test of the Rogowski coils was performed at room temperature. The current supplied by a 100-A power supply was measured using a shunt resistance and it was compared with the evaluated currents using the Rogowski coils. The result is shown in Fig. 3 . The ratio of the current evaluated by the shunt resistance and that of the Rogowski coils was defined as the calibration factor. Seven cryogenic Hall probes (F. W. Bell, BHT-921) were also used in this experiment; two of them were used for evaluating the sample current and other five of them were used for observing the current distribution in the sample conductor. The sample current could be evaluated using the Hall probe signals since the spatial locations of the split coil windings, the sample conductor and the Hall probe are precisely given, and the split coil current is separately measured.
C. Results
An excitation result when the center of the continuous part of the sample conductor was heated at temperature 20 K is shown in Fig. 4 . Note that the sample in liquid helium has the temperature distribution in the longitudinal and transverse direction when the sample is heated. The detailed analysis on the temperature distribution in the sample will be our future study. The sample current, evaluated by the Rogowski coils, was induced up to ∼35 kA in the reverse direction by changing the bias magnetic field from 6 to 7.5 T, whereas ∼45 kA was induced in the forward direction from 7.5 to 5.6 T. The Joule heat dissipation was generated at the joint part and the current decayed when the background field became constant. We observed that the transport current reached I C at 45 kA, 6.1 T, which could be inferred by the flattop of the sample current. Note that after reaching I C , a quench did not occur. We consider that the joule heat generation above I C was balanced with the cooling of the conductor by thermal conduction in the longitudinal direction of the sample from the central heated region to the up and down arc sections where there was direct contact with liquid helium. We also note that the sample current evaluated by the Hall probe slightly differs during the whole process and it becomes distinct especially after the sample reached the critical current. This may be explained by considering the fact that the Hall probe signal contains the magnetic field generated by the shielding current induced in the HTS tapes, whereas the Rogowski coils do not count this. Thus, we mainly use the current evaluated by the Rogowski coils hereafter. The detailed analysis of the shielding current will be the subject of further study.
The critical current measurement at 4.2 K is shown in Fig. 5 . The induced current reached ∼70 kA at 1.2 T by changing the field from 2.8 to 0 T. After reaching the critical current, the sample quenched. We understand that in this case the Joule heat generation exceeded the cooling. The critical current determined at the electric field criterion of 1 μV/cm is shown in Fig. 6 for 4.2 to 30 K of temperature and 0-8 T of the bias magnetic field. The critical current decreases by raising the temperature and the magnetic field. The result of a continuous excitation is also plotted in Fig. 6 . As described above, the sample did not quench at low transport current when the Joule heat generation and cooling were balanced. Using this condition, we were able to continuously induce the sample current especially at 30 K by decreasing the background magnetic field from 8 to 0 T. The continuous result (the solid line) and the separately measured I C at 30 K are in good agreement as is seen in Fig. 6 .
III. NUMERICAL ANALYSIS
We found that the critical current of the sample conductor measured in the experiments was lower than the product of the critical current of a single tape and the number of tapes (20) when only the bias magnetic field (parallel to the tape surface) was taken into account. For example, we estimate that the critical current of the sample conductor would reach ∼72 kA at 20 K and 5 T, which is much higher than the actually measured value of ∼47 kA. We here use the critical current of a single tape of ∼3.6 kA at this condition by evaluating the ratio of the critical current at 20 K, 5 T and 77 K, 0 T to be ∼6 according to the data such as found in [10] , [11] . We consider that this difference of the critical current of the sample conductor could be explained by the self magnetic field generated by the sample current, especially by the field perpendicular to the tape surface. To verify this self-field effect, a numerical analysis was performed based on the following crude model as the first step.
A. Model
The critical current of the sample conductor was evaluated by solving self-consistently the distribution of the current density in the GdBCO tapes and that of the self-field in the sample. Fig. 7 shows the model of this analysis. The origin of the coordinate is given at the center of the sample. The bundle is regarded as one conductor, which is divided into 500 current elements. Each element is given an initial current, and the magnetic field of the element is calculated by the BiotSavart's law (the calculation point of the field is at the center of each element). Then, the critical current of each element is determined by the field intensity perpendicular to the tape surface, or parallel to the c-axis of the GdBCO lattice, using the critical current characteristics of a single GdBCO tape given in [12] . We here note that there is a significant anisotropy of the critical current on the field orientation and the perpendicular field plays the dominant role to determine the critical current. (The critical current with a perpendicular field is much lower than that with a parallel field of the same magnitude). In the calculation, we increase the overall transport current of the sample step by step, starting from the uniform current distribution. If the transport current of any element exceeds the critical current of that element, the transport current is reduced to the critical current and the difference is equally distributed to other elements where the transport current is still lower than the critical current. This process is iterated, by developing non-uniform current distribution, until the transport current of all the elements reaches the critical current. Then, the critical current of the conductor sample is defined as the summation of transport currents of all the elements, and the iteration is finished. 
B. Results
The result of the numerical analysis is shown in Fig. 8 for the case when the bias magnetic field is zero where we consider that our present analysis could be applied most effectively. In Fig. 8 , the experimentally obtained critical current, extrapolated from the result in Fig. 6 to the zero field is also plotted. The calculated values and the experimentally obtained values agree well within 15%.
Figs. 9 and 10 show the distribution of the x-component of the self-field and the current density within the GdBCO bundle. The field at z ∼ 2 mm is ∼0 T and a steep increase of the current density is seen there. This is because the critical current of the GdBCO tape has strong field-dependence in the low field region.
In the present analysis, the critical current is calculated only by taking account of the perpendicular component of the self magnetic field under zero bias field. The angular dependence of magnetic field on the critical current of a single tape will be considered in the future analysis to verify the observed critical current of the conductor sample under the bias magnetic field.
IV. SUMMARY
A 30 kA-class HTS conductor sample was fabricated by simply stacking GdBCO tapes. Current was induced in the short-circuit sample (having no current leads) by changing the Fig. 10 . Distribution of the current density and profile of that at x = 100 mm. bias magnetic field. To measure the sample current, Rogowski coils and Hall probes were used. For the Rogowski coils, a calibration test was performed.
As a result of excitation tests of the sample, the critical current was measured at various temperatures and bias magnetic field.
A numerical analysis of the critical current of the sample was performed by solving self-consistently the self-field (perpendicular to the tape surface) and the current density in the sample at zero bias magnetic field. The calculated value agrees well with the experimentally obtained critical current within 15%. A more precise analysis will be done by taking account of the field orientation in our future studies.
From these results, the validity of the conductor fabrication, the experimentation and the critical current analysis have been verified. We will carry out the 100 kA-class HTS conductor test in the near future.
